The left internal thoracic artery is now accepted as the conduit of choice for surgical revascularisation of the left anterior descending coronary artery and, with some reservations, other accessible coronary vessels. 1-3 We have previously described the use of transcutaneous duplex ultrasound in imaging the proximal part of the grafted internal thoracic artery and have related the estimated graft bloodflow to "runoff' in the graft territory.4-5 Several other groups have reported similar or complementary techniques and results.6-8 We report here the range of ultrasound findings in a prospective series of consecutive patients undergoing left internal thoracic artery grafting, and attempt to correlate ultrasound and angiographic findings in patients with suspected recurrent ischaemia after grafting. Our objectives were to define the range of "normality" of ultrasound graft measurements and to identify possible patterns which correlate with graft malfunction.
Abstract
Objective-To evaluate transcutaneous duplex ultrasound in the assessment of internal thoracic artery to coronary artery grafts. Setting-Regional cardiothoracic centre. Methods-Prospective duplex ultrasound evaluation of 83 consecutive patients undergoing left internal thoracic artery to coronary artery grafts, together with combined angiographic and duplex ultrasound evaluation of 17 patients with suspected recurrent myocardial ischaemia after internal thoracic artery grafting. Results-The grafted internal thoracic artery was imaged in 65 (78%) of 83 consecutive postoperative patients, and in 13 (75%) of 17 patients with suspected graft dysfunction. Grafts were recognised by their characteristic position and biphasic blood flow pattern. Resting graft flow was estimated from the time averaged velocity and graft cross sectional area. Median resting flow in patients without ischaemic symptoms was 36 mllmin (interquartile range 24 to 49 ml/min). Of 13 patients with recurrent ischaemia in whom the graft could be imaged, nine patients with estimated flow in the lowest quartile or abnormal flow profiles, or both, had graft disease or anastomotic problems on angiography, while four with satisfactory graft flow on ultrasound examination had normal graft flow -on angiography, but had evidence of native disease progression in other vessels. Two of four patients in whom it was not possible to image the graft on ultrasound had satisfactory graft function on angiography. Conclusions-For those patients whose internal thoracic artery graft can be imaged, transcutaneous duplex ultrasound is a helpful non-invasive guide to graft function. The main limitations to the technique are an inability to image the graft in about 20% of patients, and possible inaccuracy in estimating graft diameter. (Br HeartJ_ 1994; 72:476481) The left internal thoracic artery is now accepted as the conduit of choice for surgical revascularisation of the left anterior descending coronary artery and, with some reservations, other accessible coronary vessels. 1-3 We have previously described the use of transcutaneous duplex ultrasound in imaging the proximal part of the grafted internal thoracic artery and have related the estimated graft bloodflow to "runoff' in the graft territory.4-5 Several other groups have reported similar or complementary techniques and results.6-8 We report here the range of ultrasound findings in a prospective series of consecutive patients undergoing left internal thoracic artery grafting, and attempt to correlate ultrasound and angiographic findings in patients with suspected recurrent ischaemia after grafting. Our objectives were to define the range of "normality" of ultrasound graft measurements and to identify possible patterns which correlate with graft malfunction.
Patients and methods Eighty three consecutive patients operated on by a single surgeon (TJS) were identified from operating lists and invited to attend for outpatient ultrasound assessment. They were interviewed by a doctor to ensure they were free from anginal symptoms. Patients rested supine for at least 20 minutes before examination. Examinations were performed at least two hours after any meal. Patients continued to take their usual drugs on the day of the study. Sixteen patients with 18 internal thoracic artery grafts presenting to our service over the same period with suspected recurrent ischaemia after previous internal thoracic artery grafting underwent a duplex ultrasound examination followed by angiography. Coronary and graft angiography were performed by standard techniques from a femoral approach using 7FG catheters.
The technique of duplex ultrasound assessment was as previously described.4-5 A Diasonics (Bedford, United Kingdom) ultrasound system (Diasonics Spectra) Peak diastolic velocity Figure 2 Scatterplots showing the relation of totalflow to cycle time averaged velocity (CTAV), graft cross sectional area (CSA), and peak systolic and diastolic velocities. Vertical axis of each plot represents graftflow (ml/min). Velocities are in cm/s; cross sectional area is in mm2. Univariate regression equations were as foUlows: totalflow = -2-78 + 2-57 CTAV (r2 = 60-4%); totalflow = -7-27 + 11-6 CSA (r2 = 41-4%); totalflow = 5 69 + 0-65 x peak systolic velocity (r-= 38-9%); and totalflow = 4-56 + 0-96 x peak diastolic velocity (r-= 39-2%).
angiography showed normal flow in these patients, though three of the four had evidence of progression of native vessel disease or disease affecting a graft other than the internal thoracic artery.
GROUP 3
Graft imaging in these nine patients showed flow which was qualitatively abnormal (increased systolic to diastolic velocity ratio) or in the lowest quartile. Subsequent angio- Initially there was excellent relief of symptoms, but after six months angina returned. Ultrasound examination of the internal thoracic artery was undertaken, followed by repeat coronary angiography. The proximal part of the left internal thoracic artery was readily imaged ( fig 3A) and was about 3 mm in diameter. The Doppler sonogram was abnormal, showing a systolic peak with some turbulence and flow reversal and little diastolic flow (systolic to diastolic peak velocity ratio 4 2) ( fig 3B) . At angiography (fig 4) , the stump of the internal thoracic artery was patent and supplied an anterior intercostal vessel. Subsequently, however, the graft was completely occluded. The proximal native left anterior descending coronary artery was completely occluded, with minor prograde collateral filling of distal vessels in this territory. small, 2 mm diameter graft which was located with difficulty. There was a biphasic flow pattern ( fig 5A) , but with much decreased flow. Calculated systolic flow was 7-8 ml/min, diastolic flow 7-2 ml/min, total flow 15 ml/min, and peak systolic/peak diastolic velocity ratio 1 82. Repeat angiography showed restenosis at the site of angioplasty and poor flow in the graft ( fig 5B) . Repeat ultrasound examination one year later (March 1993) showed no change in the flow pattern in the graft. Discussion A normally fumctioning internal thoracic artery graft shows a characteristic biphasic flow pattern in its proximal part (fig 1) . We have previously suggested4 that the systolic phase is caused by blood flow distending the graft (and running off into any persisting intercostal connections) at a time of high intramyocardial resistance, and diastolic flow occurs when intramyocardial resistance decreases during diastole. Time averaged velocity is the variable most directly related to changes in graft flow, but where facilities for measuring it are not available, flow can be estimated from systolic and diastolic peak velocities. We have shown elsewhere (Mauric A, de Bono D, unpublished data) that the systolic to diastolic peak velocity ratio and systolic to diastolic flow ratios can vary in individual patients with exercise, blood pressure, and vasodilatation. In this study there was a positive correlation between total flow and peak systolic and peak diastolic flow. This is to be expected in a normally functioning graft as a large systolic flow component would be expected to indicate a large volume, compliant graft, and a large diastolic component with free runoff into the coronary vessels. As discussed in the following paragraphs, graft obstruction or poor runoff is often associated with the preservation of systolic but reduction of diastolic flow.
Imaging ungrafted internal thoracic arteries is relatively easy, but imaging grafted vessels is more difficult and there is a definite "learning curve"-the 84% of grafted vessels imaged in the last 50 patients is probably close to the best which can be achieved, and the graft was imaged in 75% of patients with ischaemic symptoms. The two principal problems in the quantitative assessment of graft flow are the inherent inaccuracies in the measurement of graft diameter and the possibility of underestimating blood flow velocity.
Time averaged velocity and graft cross sectional area contributed to the inter patient variability of graft flow which we observed. It is well recognised that arterial grafts can adapt to increased flow velocity and hence increased endothelial shear.stress, by dilating, and hence we might expect to see a trend towards a constant maximum velocity, with further increases in graft flow accommodated by changes in graft diameter. All measurements in this study were made on resting patients, and a resting velocity close to maximum might indicate a limited reserve of flow for increased demand during exercise.
Distal graft obstruction or occlusion will decrease or abolish the diastolic flow component, as illustrated in case 1, and in our experience this has been a consistent finding in patients with graft obstruction, as also observed by Takagi et al.9 The continuing patency of the graft in this patient is probably due to the persisting intercostal branches and the flow pattern is similar to that we have previously described in the non-grafted internal thoracic artery. It is uncertain whether the cause of graft failure in case 1 was related to poor runoff into the endarterectomised vessel, or to damage to the internal thoracic artery at the time of previous radiotherapy.
Systolic flow may be preserved as in case 1, but it is often reduced in parallel with diastolic flow and graft diameter (case 2). This could be caused by limited runoff, by the failure of graft dilatation in the presence of good distal runoff as a consequence of graft damage, or by competition from increased proximal flow. The combination of poor graft flow and persisting ischaemia would suggest graft inadequacy rather than competitive flow. We have seen a number of patients with apparently poor graft flow who had no evidence of myocardial ischaemia. In some of these patients it is likely that there was competitive flow from the proximal left anterior descending vessel; in others it is likely that the graft was supplying a region containing little viable myocardium.
Small 
